Surface and sub-surface integrity of Ti-6Al-4V components produced by selective electron beam melting with post-build finish machining by Childerhouse, T. et al.
This is a repository copy of Surface and sub-surface integrity of Ti-6Al-4V components 
produced by selective electron beam melting with post-build finish machining.
White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/162692/
Version: Published Version
Proceedings Paper:
Childerhouse, T., Hernandez-Nava, E., M’Saoubi, R. et al. (2 more authors) (2020) Surface
and sub-surface integrity of Ti-6Al-4V components produced by selective electron beam 
melting with post-build finish machining. In: Arrazola, P.J. and Madariaga, A., (eds.) 
Procedia CIRP. 5th CIRP Conference on Surface Integrity (CSI 2020), 01-05 Jun 2020, 
Vitoria-Gasteiz, Basque Country, Spain. Elsevier BV , pp. 309-314. 
https://doi.org/10.1016/j.procir.2020.02.018
eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/
Reuse 
This article is distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs 
(CC BY-NC-ND) licence. This licence only allows you to download this work and share it with others as long 
as you credit the authors, but you can’t change the article in any way or use it commercially. More 
information and the full terms of the licence here: https://creativecommons.org/licenses/ 
Takedown 
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 
ScienceDirect
Available online at www.sciencedirect.com
$YDLODEOH RQOLQH DWZZZVFLHQFHGLUHFWFRP
^ĐŝĞŶĐĞŝƌĞĐƚ
3URFHGLD&,53 ±
ZZZHOVHYLHUFRPORFDWHSURFHGLD
 7KH$XWKRUV3XEOLVKHG E\(OVHYLHU %9
3HHUUHYLHZXQGHU UHVSRQVLELOLW\RI WKH VFLHQWLILFFRPPLWWHH RI WKHWK &,53'HVLJQ &RQIHUHQFH
WK&,53'HVLJQ &RQIHUHQFH0D\1DQWHV)UDQFH
$QHZPHWKRGRORJ\WR DQDO\]H WKHIXQFWLRQDO DQGSK\VLFDODUFKLWHFWXUHRI
H[LVWLQJSURGXFWVIRUDQ DVVHPEO\ RULHQWHGSURGXFW IDPLO\ LGHQWLILFDWLRQ
3DXO6WLHI-HDQ<YHV'DQWDQ$ODLQ (WLHQQH$OL 6LDGDW
eFROH1DWLRQDOH 6XSpULHXUH G¶$UWVHW0pWLHUV$UWVHW0pWLHUV 3DULV7HFK/&)&($5XH$XJXVWLQ)UHVQHO0HW] )UDQFH
&RUUHVSRQGLQJDXWKRU7HO  (PDLODGGUHVVSDXOVWLHI#HQVDPHX
$EVWUDFW
,QWRGD\¶VEXVLQHVVHQYLURQPHQWWKHWUHQGWRZDUGVPRUHSURGXFW YDULHW\DQGFXVWRPL]DWLRQLVXQEURNHQ'XHWRWKLVGHYHORSPHQWWKHQHHGRI
DJLOHDQGUHFRQILJXUDEOHSURGXFWLRQV\VWHPV HPHUJHGWRFRSHZLWKYDULRXVSURGXFWVDQGSURGXFW IDPLOLHV7R GHVLJQ DQGRSWLPL]H SURGXFWLRQ
V\VWHPV DV ZHOODV WRFKRRVH WKHRSWLPDOSURGXFW PDWFKHVSURGXFW DQDO\VLVPHWKRGVDUHQHHGHG,QGHHGPRVW RIWKHNQRZQ PHWKRGVDLPWR
DQDO\]HDSURGXFW RURQHSURGXFW IDPLO\RQWKHSK\VLFDOOHYHO'LIIHUHQWSURGXFW IDPLOLHVKRZHYHUPD\GLIIHUODUJHO\LQWHUPV RIWKHQXPEHU DQG
QDWXUHRIFRPSRQHQWV 7KLV IDFW LPSHGHV DQ HIILFLHQWFRPSDULVRQDQGFKRLFH RIDSSURSULDWHSURGXFW IDPLO\FRPELQDWLRQV IRU WKHSURGXFWLRQ
V\VWHP $QHZPHWKRGRORJ\ LVSURSRVHGWRDQDO\]HH[LVWLQJSURGXFWVLQYLHZ RIWKHLUIXQFWLRQDO DQGSK\VLFDODUFKLWHFWXUH 7KHDLPLVWRFOXVWHU
WKHVHSURGXFWVLQ QHZ DVVHPEO\RULHQWHG SURGXFW IDPLOLHV IRUWKHRSWLPL]DWLRQRIH[LVWLQJDVVHPEO\OLQHV DQGWKHFUHDWLRQ RIIXWXUHUHFRQILJXUDEOH
DVVHPEO\V\VWHPV%DVHG RQ'DWXP )ORZ&KDLQWKHSK\VLFDOVWUXFWXUHRIWKHSURGXFWVLVDQDO\]HG)XQFWLRQDO VXEDVVHPEOLHV DUHLGHQWLILHGDQG
DIXQFWLRQDO DQDO\VLV LVSHUIRUPHG0RUHRYHUDK\EULGIXQFWLRQDO DQGSK\VLFDODUFKLWHFWXUHJUDSK+\)3$*LV WKHRXWSXWZKLFK GHSLFWV WKH
VLPLODULW\ EHWZHHQ SURGXFW IDPLOLHV E\ SURYLGLQJGHVLJQ VXSSRUW WRERWK SURGXFWLRQ V\VWHP SODQQHUV DQG SURGXFW GHVLJQHUV $Q LOOXVWUDWLYH
H[DPSOHRIDQDLOFOLSSHU LVXVHGWRH[SODLQWKHSURSRVHGPHWKRGRORJ\ $Q LQGXVWULDO FDVH VWXG\RQWZR SURGXFW IDPLOLHV RIVWHHULQJFROXPQVRI
WK\VVHQNUXSS3UHVWD)UDQFH LVWKHQ FDUULHG RXWWR JLYH DILUVW LQGXVWULDO HYDOXDWLRQRIWKHSURSRVHGDSSURDFK
7KH$XWKRUV 3XEOLVKHG E\ (OVHYLHU %9
3HHUUHYLHZ XQGHU UHVSRQVLELOLW\RIWKHVFLHQWLILFFRPPLWWHH RIWKHWK &,53 'HVLJQ &RQIHUHQFH 
.H\ZRUGV $VVHPEO\ 'HVLJQ PHWKRG)DPLO\ LGHQWLILFDWLRQ
,QWURGXFWLRQ
'XH WR WKH IDVW GHYHORSPHQW LQ WKH GRPDLQ RI
FRPPXQLFDWLRQ DQG DQ RQJRLQJ WUHQG RI GLJLWL]DWLRQ DQG
GLJLWDOL]DWLRQ PDQXIDFWXULQJ HQWHUSULVHV DUH IDFLQJ LPSRUWDQW
FKDOOHQJHV LQ WRGD\¶V PDUNHW HQYLURQPHQWV D FRQWLQXLQJ
WHQGHQF\WRZDUGVUHGXFWLRQRISURGXFWGHYHORSPHQW WLPHVDQG
VKRUWHQHGSURGXFWOLIHF\FOHV ,QDGGLWLRQ WKHUHLV DQLQFUHDVLQJ
GHPDQG RIFXVWRPL]DWLRQ EHLQJ DW WKH VDPH WLPH LQDJOREDO
FRPSHWLWLRQ ZLWK FRPSHWLWRUV DOO RYHU WKH ZRUOG 7KLV WUHQG
ZKLFK LV LQGXFLQJ WKH GHYHORSPHQW IURP PDFUR WR PLFUR
PDUNHWV UHVXOWV LQ GLPLQLVKHG ORW VL]HV GXH WR DXJPHQWLQJ
SURGXFWYDULHWLHVKLJKYROXPHWR ORZYROXPH SURGXFWLRQ >@
7RFRSHZLWK WKLVDXJPHQWLQJYDULHW\DVZHOO DVWR EHDEOH WR
LGHQWLI\ SRVVLEOH RSWLPL]DWLRQ SRWHQWLDOV LQ WKH H[LVWLQJ
SURGXFWLRQV\VWHP LW LV LPSRUWDQW WR KDYH DSUHFLVHNQRZOHGJH
RI WKH SURGXFW UDQJH DQG FKDUDFWHULVWLFV PDQXIDFWXUHG DQGRU
DVVHPEOHGLQWKLV V\VWHP ,QWKLV FRQWH[WWKH PDLQFKDOOHQJH LQ
PRGHOOLQJ DQG DQDO\VLV LV QRZ QRW RQO\ WR FRSH ZLWK VLQJOH
SURGXFWVDOLPLWHGSURGXFWUDQJHRUH[LVWLQJSURGXFWIDPLOLHV
EXW DOVRWR EHDEOH WR DQDO\]HDQG WR FRPSDUHSURGXFWV WR GHILQH
QHZSURGXFWIDPLOLHV ,WFDQEHREVHUYHGWKDWFODVVLFDOH[LVWLQJ
SURGXFWIDPLOLHVDUHUHJURXSHGLQ IXQFWLRQRIFOLHQWVRUIHDWXUHV
+RZHYHUDVVHPEO\RULHQWHGSURGXFWIDPLOLHVDUHKDUGO\ WR ILQG
2QWKHSURGXFWIDPLO\OHYHO SURGXFWV GLIIHUPDLQO\LQWZR
PDLQFKDUDFWHULVWLFV L WKH QXPEHURIFRPSRQHQWV DQG LLWKH
W\SHRIFRPSRQHQWVHJ PHFKDQLFDO HOHFWULFDO HOHFWURQLFDO
&ODVVLFDOPHWKRGRORJLHVFRQVLGHULQJPDLQO\VLQJOHSURGXFWV
RU VROLWDU\ DOUHDG\ H[LVWLQJ SURGXFW IDPLOLHV DQDO\]H WKH
SURGXFWVWUXFWXUHRQDSK\VLFDOOHYHOFRPSRQHQWVOHYHO ZKLFK
FDXVHV GLIILFXOWLHV UHJDUGLQJ DQ HIILFLHQW GHILQLWLRQ DQG
FRPSDULVRQ RI GLIIHUHQW SURGXFW IDPLOLHV $GGUHVVLQJ WKLV
Procedia CIRP 87 (2020) 309314
2212-8271 © 2020 The Authors. Published by Elsevier B.V. 
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/) 
Peer-review under responsibility of the scientiic committee of the 5th CIRP CSI 2020
10.1016/j.procir.2020.02.018
© 2020 The Authors. Published by Elsevier B.V. 
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/) 
3HHUUHYLHZXQGHUUHVSRQVLELOLW\RIWKHVFLHQWL¿FFRPPLWWHHRIWKHWK&,53&6,
^ĐŝĞŶĐĞŝƌĞĐƚ
 Keywords: Additive manufacturing; finish machining; low cycle fatigue 
 
1. Introduction 
The emergence of AM technologies which use a titanium 
alloy feedstock material offers manufacturers an alternative to 
traditional processes for the production of titanium alloy 
components. These technologies are capable at producing near 
net shape components and can therefore offer significant 
improvements in material utilisation and reduce machining 
costs compared to conventional process routes [1]. These 
economic benefits make AM a promising alternative to 
conventional processes, as their adoption could offer cost 
savings for the aerospace industry and have the potential to 
make titanium use more economically viable for other 
industries. The suitability of AM for the manufacture of 
bespoke components is demonstrated by the medical industry 
who have adopted powder bed fusion type AM processes, such 
as SEBM, for the production of orthopedic implants [2, 3]. 
These applications showcase the capabilities of AM for the 
fabrication of highly complex geometries through the 
production of lattice type structures, which allow for better 
tissue in-growth and osseointegration compared to implants 
manufactured by traditional techniques. For the aerospace and 
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Abstract 
The emergence of metal additive manufacturing (AM) processes offer manufacturers a promising alternative to traditional forging and casting 
techniques for the production of near net shape titanium alloy components. However, limitations in both the surface finish quality and the 
geometric accuracy of parts produced by AM means that post-build finish machining of the part remains to be a requirement to produce high 
precision components. Furthermore, the fatigue performance of material produced directly by these processes is often limited by both the poor 
surface finish and porosity related defects which occur within the material. This study investigates the implications of machining stock allowance 
on the surface integrity of Ti-6Al-4V specimens produced by selective electron beam melting (SEBM) followed by post-build finish machining. 
The study revealed that the exposure of porosity related defects on the newly machined surface varied depending on the depth of material removed 
from the as-built specimen surface during machining. Four point bend fatigue testing of the specimens was carried out to determine the effect of 
the exposed surface defects on the fatigue performance of the material. This study highlights that the non-uniform distribution of pores within 
SEBM Ti-6Al-4V means that careful considerations must be given regarding machining stock allowance in the design of these components due 
to the implications of material removal depth on surface integrity. 
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ࣄ
automotive industries, the potential for AM is demonstrated by 
the manufacture of a variety of demonstrator components [4, 5]. 
Regardless, these processes remain to be implemented 
commercially. This can be attributed to the limited and highly 
variable fatigue performance of material produced by AM [6]. 
In samples produced by SEBM, fatigue cracks have been found 
to initiate at stress concentration sites on the surface of the part. 
This occurs due to the rough surface finish of parts produced by 
this method [7]. However, polishing and/or finish machining 
has been shown to be an effective method at preventing fatigue 
failure from crack initiation at the parts surface and in 
polished/machined samples, fatigue failure has been found to 
occur due to crack nucleation at porosity related defects [8]. 
The SEBM process involves the consolidation of metal 
powder particles. This is carried out by the process of scanning 
an electron beam over a layer of deposited powder to form a 
melt pool, which then solidifies. This process is then repeated, 
one cross section layer at a time, until the final part is produced 
[9]. This beam scanning method typically involves two 
different melt strategies, referred to as contouring and hatching. 
The initial contouring strategy, involves scanning the beam 
around the perimeter of the cross-section to melt the boundary 
of the part. During contouring, a strategy known as MultiBeam 
is employed which rapidly moves the beam around the 
contouring path to achieve active melting at several different 
locations simultaneously. Following the contouring stage, 
hatching is carried out to melt the remaining powder and this 
involves melting within the contoured region by rastering the 
beam from side-to-side. The purpose of these melting strategies 
is to, improve the surface quality of the part when contouring 
by producing a shallow melt-pool and increasing the build rate 
during hatching by employing a more rapid beam speed [10].  
The main concern for the use of SEBM components in 
applications where fatigue performance is critical, is the 
occurrence of porosity related defects [11]. Various pore 
morphologies have been observed in SEBM material and these 
are typically characterised as either irregularly shaped or 
spherical [12]. Irregularly shaped pores are often larger 
(>100µm) and are attributed to lack of fusion between powder 
particles due to insufficient melting. Spherical pores, which are 
typically smaller in size (<100 µm), are attributed to residual 
argon gas entrapped within the powder feedstock during 
powder atomisation. The presence of porosity within titanium 
alloys produced by SEBM is influenced by a number of factors, 
most notably build parameters such as beam speed and current, 
which affect the melt pool size [13]. However, where these 
parameters are optimised, achieving fully-dense parts remains 
to be difficult without post-process treatments such as hot 
isostatic pressing (HIPing) [14]. 
In a study by Tammas-Williams et al. [15], analysis of Ti-
6Al-4V samples using X-ray Computed Tomography (XCT), 
found that the spatial distribution of pores in material produced 
by SEBM is not random, rather it is influenced by the beam 
scanning strategy implemented by the machine manufacturer. 
The study revealed that, in samples produced using the machine 
manufacturers default melt strategy, the number density of 
pores within the contoured region (<0.8 mm from the sample 
surface) was significantly less compared to that within the 
region of the material consolidated by the hatching strategy. 
Furthermore, it was observed that spherical type pores 
contributed to the majority (97%) of the total pore volume 
fraction and these were found to be predominantly distributed 
within the hatched region. Irregularly shaped pores however, 
were found have a much smaller contribution to the overall 
volume fraction and were found to occur in both the contoured 
and hatched regions. Differences in the melt strategies used 
when either contouring or hatching was the suggested reason 
for the greater volume fraction of pores in the hatched region. 
This difference was attributed to the higher beam speeds used 
during hatching, which generate a smaller melt pool and in-turn 
offers less opportunity for gas entrapped within the powder 
feedstock to escape during processing. Moreover, the study 
observed a peak in porosity at 0.9 mm from the sample surface, 
corresponding with the position close to the final contouring 
beam path and the initial hatched path. The authors suggested 
that the occurrence of this peak was due to the dumping of pores 
pushed forward by the solidification front during contouring.   
To improve the surface finish and fatigue performance of 
AM components, post-build finish machining can be carried out 
to remove the outer-skin of the part and generate a machined 
surface [16]. However, the non-uniform distribution of pores 
within SEBM material has the potential to have major 
implications on the exposure of porosity related defects 
following material removal. This study investigates the effects 
of finish machining depth on the surface condition of Ti-6Al-
4V specimens produced by SEBM using standard Arcam build 
parameters. Specimens have been machined at two different 
depth levels to generate machined surfaces located in the region 
of the build produced by both the contouring and hatching 
strategies and porosity exposure on these newly generated 
surfaces is compared. Furthermore, fatigue performance has 
been shown to be effected by the location and morphology of 
porosity related defects within the material, with larger defects 
and defects closer to the surface being the most detrimental 
[17].  Therefore, this study employs fatigue testing using a four 
point bend test method to investigate the influence of porosity 
distribution on fatigue performance. Such as method has been 
also been demonstrated to show the effect of machining induced 
damage on fatigue in titanium alloys [18]. 
2. Experimental method 
2.1. SEBM Build 
The SEBM samples produced for this this study were built 
using a feedstock material of Ti-6Al-4V pre-alloyed plasma 
atomized powder supplied by Arcam. The powder size 
distribution was reported by Arcam to range from 45 to 106 µm 
with an oxygen content of 0.150 wt. %.  Specimen blanks of 
dimensions 5.3 x 20.6 x 120 mm were built using the Arcam 
Q20 system implementing control software version 5.2.52 at 
the University of Sheffield. The build process was carried out 
using a single sample orientation with the build direction 
depicted by the Z-direction in the schematic shown in Fig. 1a. 
All of the specimens used for this investigation were produced 
during a single build. Prior to commencing the build, the build 
chamber was taken below a 2 x 10 -4 mBar vacuum to reduce 
the potential for oxidation of the material during processing. 
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The process then involved initial pre-heating of the build plate 
to 500 °C with a de-focused beam spot with a focus offset of 
+60 mA. Following pre-heating of the build plate, a 
consecutive process of raking a layer of powder onto the plate, 
further pre-heating of the deposited powder layer using a de-
focused beam and melting of the newly deposited powder layer 
using a sharper beam spot, with a focus offset of +45mA, was 
carried out. This process was then repeated until the build was 
completed. The standard layer thickness of 90 µm for the Q20 
system was used throughout the build process.  
The beam scanning method used for powder melting 
employed the standard Arcam strategy, consisting initially of 
contouring the outline of the cross-section, followed by melting 
within the contoured outline using a hatching strategy. The 
contouring stage involved two passes of the beam with a line 
offset of 0.27 mm. During contouring, the MultiBeam strategy 
was employed. The approximate contoured feature thickness 
for the part was 0.80 mm from the specimen surface. For the 
hatching stage, a continuous beam path following a raster type 
motion was used with a line offset of 0.18 mm. During melting, 
the beam speed was adapted according to Arcams 
AutoCalculation compensations for the given beam current, 
which was setup with an 8.97 mA base setting.  
2.2. Finish machining 
Specimen blanks were machined to their final geometry at 
the University of Sheffields Advanced Manufacturing 
Research Centre, using the DMG Mori DMU Evo-40 universal 
machining centre. Specimens were machined to respective 
dimensions of 3.6, 19.0, and 120 mm for height (h), width (w) 
and length (l) and featured a chamfer angle (ࣄ) of 10° (Fig. 1a). 
Machining this geometry from the SEBM specimen blanks 
involved holding the workpiece in four different orientations to 
remove the as-built surface from each of the faces in the Z-X 
and Z-Y planes (Fig. 1a). Material was removed by a face 
milling process with the tool feed direction indicated by the Z-
direction in Fig. 1a. Tooling, provided by Seco Tools, 
comprised of a square shoulder milling cutter (R217.94-2525.0-
08-4A) of diameter 25 mm and PVD coated carbide F40M 
grade inserts (LOEX080408TR-M08) with a corner radius of 
0.80 mm. During machining, Blaser Swisslube Vasco 7000 
cutting fluid was supplied via through tool delivery. 
The specimens were machined by removing material from 
the critical surface (the upwards facing surface in Fig. 1a) to 
depths of both 0.50 and 1.00 mm relative to the original as-built 
part surface. These depths were selected to represent typical 
stock allowance settings that could be included on components 
produced by powder bed AM processes, as well as on the basis 
that the newly generated surfaces would be located in the region 
of the part consolidated by both the contouring and hatching 
melt strategies. During machining, identical cutting parameters 
(as described in Table 1) were used. This was to ensure that, 
any differences in the integrity of the surfaces generated at the 
two different conditions could be attributed to the location of 
the newly generated surface in the as-built part, rather than any 
significant differences in cutting conditions. To achieve a 
material removal depth of 0.50 and 1.00 mm, both single and 
two pass processes were carried out with an axial depth of cut 
(ap) of 0.50 mm. In addition to the two conditions described, 
specimens were also produced to a third condition, whereby the 
critical specimen surface was left in its as-built condition. 
2.3. Fatigue testing 
Conventional fatigue testing methods typically involve the 
testing of cylindrical specimens (usually machined by external 
turning) which are subject to axial loading conditions. 
However, for the purposes of this study, it was desirable to test 
specimens produced by a milling process. Fatigue testing was 
therefore carried out using a four point bend method using the 
test rig shown in in Fig. 1b. In this arrangement, dynamic 
loading was applied to the specimen and distributed through a 
pair of lower rollers, with the specimen supported by a pair of 
upper static rollers at a span distance, L = 80 mm. This test 
allowed for a large region of maximum tensile stress (shown by 
Fig. 1. Four point bend test method used to assess fatigue performance of the specimens: (a) Schematic representation of the test method and specimen geometry 
with superimposed FEA stress distribution. (b) Annotated photograph of the four point bend test rig at the University of Sheffield. 
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the FEA stress distribution in Fig. 1a) to be applied to the 
upwards facing surface of the specimen, which had been 
machined at the two depth levels investigated in this study.  
Fatigue testing was carried out at ambient conditions using 
a Nene 12 kN servo-hydraulic test machine. This was controlled 
via a Moog Smartest One controller receiving feedback from a 
load cell mounted on the machine. Testing was carried out until 
the point of failure, with each specimen loaded under sinusoidal 
conditions at a frequency of 5 Hz. Specimens were subject to a 
stress ratio, R = 0.1 and a peak stress, SMax = 750 MPa.  
Table 1. Summary of post-build finish machining parameters. 
Cutting parameter Condition 1 Condition 2 
Cutting speed, Vc (m/min) 48 48 
Feed per tooth, fc (mm/tooth)  0.15 0.15 
Axial depth of cut, ap (mm) 0.50 0.50 
Number of passes in ap 1 2 
 
3. Results and discussion 
Characterisation of the machined specimens revealed the 
presence of exposed defects at the newly machined surface 
when a total material removal depth of 1.00 mm was employed. 
Whereas the surface of specimens machined to a depth of 0.50 
mm showed no such defects. Fig. 2 shows examples of 
specimens machined at the two conditions and highlights the 
significant amount of defects present on the specimen surface 
following machining to a depth of 1.00 mm. Confocal 
microscopy images of these defects (highlighted in Fig. 3b) 
show the presence of un-melted powder particles. This suggests 
that, these defects are lack of fusion defects [12] present in the 
as-built SEBM material which have been exposed at the surface 
during post-build machining. 
The influence of material removal depth on defect exposure 
indicates that a similar spatial distribution of porosity related 
defects demonstrated by Tammas-Williams et al. [15], is also 
present in material produced by the Arcam Q20 system used in 
this study. It is notable that specimens produced in Tammas-
Williams work were produced using an earlier anode-based 
Arcam S12 system, rather than the present cathode-based 
system. The high level of porosity exposure observed on the 
surfaces machined below the 0.80 mm contoured feature depth 
is suggestive that, the hatching melt strategy is less effective 
than contouring at producing fully dense material. Furthermore, 
due to the significant number of defects which can be observed 
when machining to a depth of 1.00 mm, it appears that there is 
a high concentration of defects which occur at the interface 
between the material consolidated by the contouring and 
hatching melt strategies. It is possible that, the concentration of 
defects at this location may occur due to insufficient melting of 
the powder where the beam turns the corner at the end of each 
pass during hatching.  
Characterisation of the specimen surface topography has 
been carried out using an Alicona SL InfiniteFocus confocal 
microscope. 3D surface roughness metrics for each of the 
surface conditions produced in the study are given in Table 2. 
The values quoted for the two machined conditions correspond 
with the respective surfaces shown in Figs. 3a and 3b. Porosity 
related defects exposed on the machined surface are highlighted 
in Fig. 3b. Three surface defects are visible, with the larger 
(~500 µm across) irregular shaped defect on the left of the 
image typical of that of a lack of fusion type defect. The two 
defects on the right of the image are smaller in size (~100 µm 
across) and it is possible that these features could both originate 
from the same lack of fusion defect, which was mostly removed 
during machining leaving these extremities. The 3D topography 
scan (Fig. 3c) shows the depth beneath the machined surface 
which the defects penetrate and indicates a maximum depth of 
180 µm for the irregular shaped defect. Fig. 4 shows large area 
stitched 3D topography scans of the as-built and machined 
specimen surfaces. The rough surface finish of the material in 
its as-built condition is pictured showing a maximum relative 
peak height of ~280 µm. In Fig. 4b the significance of the 
number of defects present over a large area of the machined 
surface is shown. The 3D surface roughness metrics, presented 
in Table 2, highlight the improvements in surface finish of the 
machined specimens compared to those in the as-built 
condition. These metrics show the detrimental effects of defect 
exposure on surface finish when specimens are machined to a 
total depth of 1.00 mm, which is highlighted by the increased 
metrics for Ssk and Sku, indicating the presence of cavities on 
the machined surface. 
Fig. 2. Photographs of SEBM Ti-6Al-4V specimens following post-build finish machining to remove material to a depth level of: (a) 1.00 mm, (b) 0.50 mm from 
the as-built specimen surface, and (c) a close up image showing the severity of porosity exposure when a material removal depth of 1.00 mm is employed. 
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Table 2. Summary of 3D surface roughness metrics. 
Surface Condition Sa (µm) Sq (µm) Ssk Sku 
As-Built 40.01 50.20 -0.595 3.184 
Machined  0.50 mm  1.510 2.032 -0.237 5.686 
Machined  1.00 mm 2.637 10.13 -10.46 126.7 
3.1. Fatigue test results 
Four point bend fatigue testing was successfully carried out 
to the point of failure for each specimen. Three specimens of 
each condition were tested and the mean number of cycles to 
failure (Nf) as well as the standard deviation for each specimen 
condition are given in Table 3. For each specimen, the number 
of cycles to failure was recorded to be in the low cycle fatigue 
(LCF) range and failure of each specimen occurred in the region 
of maximum stress highlighted in Fig. 1a. Results indicated 
that, specimens which had not undergone any post-build finish 
machining of the critical specimen surface had the lowest 
fatigue performance. Specimens machined to a depth of 0.50 
mm showed no significant performance improvement. 
However, specimens machined to a total depth of 1.00 mm 
showed a significant improvement in fatigue performance, 
achieving on average more than double the number of cycles 
before failure compared to those in the other two conditions. 
This finding was contrary to initial assumptions, as the 
specimens which showed the highest fatigue performance were 
also those which were found to have exposed surface defects 
and a rougher surface profile. These defects were expected to 
have a significantly detrimental effect on fatigue performance 
due to their location in the maximum stress region of the 
specimen under the loads applied during testing. It is possible 
however, that when specimens were machined to a total depth 
of 1.00 mm, a significant volume of the high concentration of 
defects present at the interface of material consolidated by the 
hatching and contouring melt strategies were removed. This is 
based on the fact that, they were located within the layer of 
material removed during machining. The remaining defects, 
which were reduced in size, are therefore present mostly at the 
surface. In contrast, defects present in material where only a 
0.50 mm depth of material was machined away, would remain 
mostly intact following machining. This is because, machining 
to this depth fails to reach the interface located approximately 
0.80 mm beneath the as-built part surface. Assuming that the 
failure of the machined specimens is due to crack initiation at 
porosity related defects, this could explain the improved fatigue 
performance in specimens machined to a depth of 1.00 mm, as 
in these specimens, the total defect volume has been reduced 
and it could be possible that the stress concentration effect of 
the remaining surface/near-surface defects is less significant 
than that of the larger, intact subsurface defects present in the 
samples machined only to a depth of 0.50 mm.   
Another possible reason for the improved fatigue 
performance in specimens where the 1.00 mm material removal 
depth has been employed, could be due to machining induced 
residual stresses. Assuming that a compressive to tensile 
Fig. 3. Confocal microscopy images of the SEBM specimen surfaces following finish machining to remove material at depths of (a) 0.50 and (b) 1.00 mm relative 
to the original as-built specimen surface with exposed defects highlighted. (c) 3D topography scan when machining to remove material at a depth of 1.00 mm.  
Fig. 4. 3D surface topography scans of SEBM specimens with the critical specimen surface in (a) the as-built condition and (b) following machining to remove 
material to a total depth of 1.00 mm relative to the as-built part surface.  
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residual stress profile from the specimen surface occurs, which 
is typically induced during face milling [19], it is possible that, 
the surface defects present in specimens machined to 1.00 mm 
are located within the region of maximum compressive residual 
stress. This would have an effect of an overall reduced tensile 
stress at the surface during testing, which would mean that these 
defects could have less of a detrimental effect than the 
subsurface defects present in specimens machined to a depth of 
0.50 mm, which are predominantly located in a region where 
residual stresses are less compressive and the overall tensile 
stress is higher.  
Table 3. Summary of four point bend fatigue test results at SMax = 750 MPa 
Specimen Condition Mean 
Cycles, Nf 
Standard 
Deviation (%) 
SEBM As-Built 1351 29.7 
SEBM Machined  0.50 mm  1705 17.7 
SEBM Machined  1.00 mm 3446 4.8 
4. Conclusions 
This study has demonstrated that, post-build finish 
machining can be an effective technique for improving the 
surface finish and fatigue performance of SEBM Ti-6Al-4V 
components. Furthermore, it revealed that, due to the spatial 
distribution of porosity related defects within the as-built 
material, the depth of material removed during finish 
machining had significant implications on the surface integrity 
of the newly machined surface, due to the exposure of porosity 
related defects during machining. Surfaces of specimens which 
had been machined by to a total depth of 1.00 mm, relative to 
the as-build part surface, possessed a significant number of 
surface defects which were characterised to be lack of fusion 
defects and these were found to measure to up to 500 µm across 
and penetrate to a maximum depth of 180 µm. In contrast, 
specimens machined to a depth of only 0.50 mm were found to 
be free of such surface defects. Low cycle fatigue testing using 
a four point bend test method was carried out and revealed that, 
specimens machined to a depth of 1.00 mm performed 
significantly better than those which had not undergone any 
machining or had been machined to a depth of only 0.50 mm. 
These results suggest that it may be necessary to remove 
additional material from SEBM components during machining 
for the removal of defects concentrated in the sub-surface 
region of the part. This could potentially limit the material 
utilisation benefits offered by the process.  
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